Study Objectives: The obstructive sleep apnea syndrome (OSAS) involves recurrent sleep-related upper airways (UA) collapse. UA mechanical properties and neural control are altered, imposing a mechanical load on inspiration. UA collapse does not occur during wakefulness, hence arousal-dependent compensation. Experimental inspiratory loading in normal subjects elicits respiratory-related cortical activity. The objective of this study was to test whether awake OSAS patients would exhibit a similar cortical activity. Design: Descriptive physiology study. Setting: Sleep laboratory in a large university affiliated tertiary hospital. Patients: 26 patients with moderate OSAS according to polysomnography (5 < apnea-hypopnea index [AHI] ≤ 30, n = 14) or severe OSAS (AHI > 30, n = 12); 13 non-OSAS patients for comparison. Interventions: None. Measurements: Respiratory time-locked electroencephalographic segments ensemble averaged and analyzed for slow premotor potentials preceding inspiration ("pre-inspiratory potentials" [PIPs]). Results: PIPs were present in 1/13 controls and 11/26 patients (P = 0.0336; 4/14 "moderate" and 7/12 "severe" patients). Awake OSAS patients therefore exhibit respiratory-related cortical activity during quiet breathing significantly more frequently than non-OSAS individuals. The corresponding PIPs resemble those observed during prepared voluntary inspirations and in response to experimental inspiratory loads in normal subjects, which involve a cortical network comprising the supplementary motor area. Conclusions: A respiratory-related cortical activity could contribute to the increased neural drive to upper airway and to inspiratory muscles that has previously been described in obstructive sleep apnea, and could therefore contribute to the arousal-dependent compensation of upper airway abnormalities. Whether or not such cortical compensatory mechanisms have cognitive consequences remains to be determined.
INTRODUCTION
The obstructive sleep apnea syndrome (OSAS) is a common disorder characterized by recurrent sleep-related upper airway collapse. The resulting apneas and hypopneas disrupt sleep, leading to daytime sleepiness and sleepiness-related accidents. They also induce repeated bursts of sympathetic activity and an elevated sympathetic tone that are considered to be responsible for the OSAS-associated increase in cardiovascular risk. 1 The pathophysiology of OSAS is complex and has not been fully elucidated. It involves anatomical factors responsible for upper airway narrowing and neural factors pertaining to upper airway control. 2, 3 Indeed, during wakefulness, OSAS patients present dysfunctional neuromechanical coupling of upper airway muscles and impaired upper airway stabilizing forces. 4 They can exhibit increased upper airway resistance and increased upper airway collapsibility. 5, 6 Stabilizing the upper airway by means of positive pressure or mandibular advancement can prevent upper airway collapse and constitute efficient treatments.
Remarkably, OSAS patients do not snore and do not experience upper airway collapse when they are awake. This suggests that arousal-dependent neural mechanisms compensate for the constraints imposed on inspiration by upper airway abnormalities. Increased activity of upper airway dilator muscles has been described in awake OSAS patients compared to controls, 7 and loss of this activity at sleep onset is considered to be responsible for upper airway collapse. 8 Similarly, a transcranial magnetic stimulation study found enhanced genioglossus responses in awake OSAS patients compared to controls. 9 The brain substrate for the arousal-dependent compensation of upper airway abnormalities in OSAS remains unknown.
In healthy subjects, experimental inspiratory loading engages cortical networks. 10 Electroencephalographic evidence of this activation has been obtained, 11 in the form of slow preinspiratory potentials that resemble the premotor potentials typical of movement preparation and that partly originate in the supplementary motor area (SMA).
12, 13 We therefore hypothesized that the "intrinsic" inspiratory resistive loading characteristic of OSAS could result in a similar pattern of cortical activation. We tested this hypothesis by looking for pre-inspiratory potentials on electroencephalographic recordings (EEG) performed in awake OSAS patients, in comparison to non-OSAS individuals in whom such an activity is not expected during resting breathing (as reviewed by Tremoureux et al. 14 ) .
METHODS

Participants
We studied OSAS patients in whom overnight polysomnography (PSG, details below) demonstrated an apnea-hypopnea index (AHI) > 5 events/h ("OSAS group," n = 26, divided into a "moderate OSAS" group, AHI ≤ 30, n = 14, and a "severe OSAS" group, AHI > 30, n = 12; Table 1 ). These patients had no history of respiratory or neurological disorders and did not take any form of psychotropic treatment. A control group of non-OSAS individuals (6 healthy subjects and 7 patients referred for suspected parasomnia but with normal PSG) was also studied ("non-OSAS" group, n = 13, Table 1 ). The study complied with the recommendations of the Declaration of Helsinki and received ethical clearance from the appropriate authority (Comité de Protection des Personnes Ile-de-France 6, Pitié-Salpêtrière, France). The participants received detailed information and provided written participation consent. Demographic data, body mass index (BMI), neck circumference, Epworth Sleepiness Scale, nasal obstruction and respiratory discomfort (visual analogue scales [VAS]) were recorded.
Polysomnography (PSG)
Participants underwent full-night standard polysomnography (PSG) (Medatec, France). PSG recordings were analyzed according to the 2013 update of the American Academy of Sleep Medicine rules for scoring respiratory events in sleep. 15 Apnea was defined as absence of airflow ≥ 10 sec, hypopnea as reduction of airflow ≥ 30% associated with a decrease in oxygen saturation ≥ 3% or with a micro-awakening. The AHI was calculated as the number of apneas and hypopneas per hour of total sleep time (TST), including central and mixed apneas (that both accounted for less than 2% of apneas on average). The arousal index was defined as the number of electroencephalographic arousals per hour of TST.
Respiratory-Related Cortical Activity
For this part of the study, the participants were comfortably seated in a chair in a quiet room. Fifteen-minute EEG recordings were performed with 14 scalp electrodes at Fz, FCz, Cz, Fp1, Fp2, F3, F4, C3, C4, T7, T8, A1, and A2 (Acticap, Brain Products, Germany). Electrode impedance was maintained below 2Ω. The electrodes were connected to an EEG preamplifier (V-Amp, Brain Products GmbH, Germany) from which the signals were digitized at 2000 Hz. Respiratory flow was measured with a nasal oxygen cannula (GT013-101A, Greetmed, China) connected to a differential pressure transducer (FE141 Spirometer ADInstruments, Australia), from which the signal was digitized at 200 Hz (Powerlab 16/30 ADInstruments, Colorado Springs, CO, USA). The EEG and respiratory signals were processed according to the method previously described. 10, 11 Briefly, the onset of inspiration was detected on the flow signal and the EEG signal was split into respiratory-synchronized segments starting 2.5 s before the beginning of inspiration and ending 1 s after its end. EEG segments with obvious artifacts (EEG gradient > 5 µV/ms; EEG amplitude > 50 µV; visible baseline fluctuations) were rejected. The remaining segments (≥ 72 for each subject) were ensemble averaged point-by-point. To identify pre-inspiratory potentials, the averaged EEG was visually inspected to detect negative inflections from baseline during the time window at which the potential was expected, namely 0.5-2 s before the onset of inspiration. This identification was conducted by a single investigator (CL) under blinded conditions. In the instance of a doubt, the recordings were examined by 2 other investigators, also under blinded conditions. A potential was considered present when the investigators reached a unanimous decision. Figure 1 summarizes the experimental setup and data processing.
Statistical Analysis
All statistical analyses were performed using online university resources (biostatgv.sentiweb.fr). Data are expressed as median and interquartile range. Continuous variables (anthropometric and sleep data) were compared by a KruskalWallis test followed by Dunn post hoc test for two-by-two : two-by-two comparisons when Kruskal-Wallis significant, as follows: a P < 0.05 for "non-OSAS" (AHI ≤ 5/h) versus "mild-to-moderate OSAS" (5 < AHI < 30/h), b P < 0.05 for "non-OSAS" (AHI ≤ 5/h) versus "severe" (AHI ≥ 30/h). OSAS, obstructive sleep apnea syndrome; AHI, apnea-hypopnea index.
comparisons. Differences between the 3 groups regarding pre-inspiratory potentials were tested with Fisher exact test (3 × 2 contingency table for global significance followed by 2 × 2 contingency tables for two-by-two group comparisons). The difference between the non-OSAS group and the OSAS group and the difference between participants classified into "obese" and "non-obese" (threshold 30 kg/m 2 ) were also tested. Finally, all the participants were stratified according to the presence or absence of a pre-inspiratory potential. Univariate comparisons between those 2 groups were conducted using the MannWhitney test. In an exploratory manner, the association of explanatory variables with the presence of pre-inspiratory potentials were also evaluated using multivariate logistic regression (Matlab version 8.3.0.73043 -R2014a-; Statistics Toolbox version 9.0). Age and the AHI (or obstructive apnea index) were always forced into the models. Only models with a goodness of fit (χ 2 statistic of comparison to the constant model) that was significant at the 0.05 level were considered, thus restricting the procedure to 3 or 4 variables models given the limited size of the study population. Two-tailed P values of the significance of their input variables were computed.
RESULTS
Demographic and Clinical Characteristics
Non-OSAS individuals were younger and had a lower BMI and neck circumference than OSAS patients (Table 1) . Patients with mild-to-moderate OSAS and patients with severe OSAS were comparable.
Sleep
The PSG results are shown in Table 2 . Patients with severe OSAS had less N3 sleep, more arousals, and more severe oxygen desaturation than control individuals and patients with mild-to-moderate OSAS (P < 0.05).
Respiratory-Related Cortical Activity
Pre-inspiratory potentials were present in one of the thirteen non-OSAS individuals, 4 of the 14 patients with mild-tomoderate OSAS, and 7 of the 12 patients with severe OSAS (Figures 2 and 3) . A significant difference existed between the a P < 0.05 for "non-OSAS" (AHI ≤ 5/h) versus "mild-to-moderate OSAS" (5 < AHI < 30/h), b P < 0.05 for "non-OSAS" (AHI ≤ 5/h) versus "severe OSAS" (AHI ≥ 30/h), c P < 0.05 for "mild-to-moderate OSAS" (5 < AHI < 30/h) versus "severe OSAS" (AHI ≥ 30/h). OSAS, obstructive sleep apnea syndrome; AHI, apnea-hypopnea index; REM: rapid eye movement, SpO 2 , transcutaneous oxygen saturation by pulsed oximetry.
non-OSAS group and the severe OSAS group (P = 0.0112) and between the non-OSAS group and the OSAS group as a whole (P = 0.0336). No significant difference was observed between the non-OSAS group and the mild-to-moderate OSAS group (P = 0.3259) or between the mild-to-moderate OSAS group and the severe OSAS group (P = 0.2329). The latencies and amplitudes of the pre-inspiratory potentials, when present, were similar between groups (Table 3) .
The incidence of pre-inspiratory potentials was not significantly different between obese and non-obese participants irrespective of OSAS.
Comparison of Participants with or without Pre-Inspiratory Potentials, Irrespective of OSAS Status
Univariate comparisons of these two groups are provided in Table 4 . The groups were similar in terms of gender repartition and BMI. Those of the participants who did present a preinspiratory potential (n = 12) were older than those who did not present one (n = 27) but not significantly so; they had higher neck circumferences but also not significantly so; they reporter higher VAS ratings for nasal obstruction (P = 0.05), and had significantly higher values of AHI, obstructive apnea index, and micro-arousal index. Multivariate analysis showed that 3 variables models achieved significance regarding the goodness of fit criterion (P = 0.0356 for age + IAH + nasal obstruction; P = 0.0234 for age + severe OSAS category + nasal obstruction). Within these models, none of the input variables reached significance but "IAH" and "severe OSAS category" trended toward it (P = 0.1327 and P = 0.0743, respectively).
DISCUSSION
In this study respiratory-related cortical activity was observed significantly more frequently during resting breathing in awake OSAS patients than in non-OSAS individuals, under the form of pre-inspiratory potentials resembling those observed during preparation of voluntary movements, 12 preparation of voluntary inspiratory movements, 16 and compensation of experimental inspiratory loads. 11 This probably reflects activation of premotor cortical areas including the SMA, to which sensory 17 and motor respiratory connections have been described. 18, 19 This is seemingly the first description of respiratory-related cortical activity during resting breathing in patients not suffering from defective automatic ventilatory control. 14 In such patients, respiratory-related motor cortical activity has been interpreted as a cooperative wake-related mechanism supplementing the deficient homeostatic ventilatory drive.
14 In OSAS patients, this brain activity could correspond to compensation of the intrinsic inspiratory load imposed by upper airway abnormalities. It could contribute to the increased inspiratory ventilatory drive described in 
Methodological Considerations
The non-OSAS subjects included in this study cannot be considered a true "control group," as there was no actual age and BMI matching. However, studying this group was important to confirm that the experimental setup used in this study provided expected results in view of previous work (absence of respiratory-related premotor cortical activity in normal individuals). This was the case, as only one subject in the non-OSAS group presented pre-inspiratory potentials during resting breathing, a spurious finding that has been described before. In the absence of actual matching, the higher incidence of pre-inspiratory potentials in the OSAS group compared to the non-OSAS group could be due to a differences in age or in BMI (Table 1 ) rather than to the presence of OSAS. However, pre-inspiratory potentials were not more frequent among subjects with a BMI greater than 30 kg/m 2 than in subjects with a lower BMI, regardless of the presence or absence of OSAS. Of note, pre-inspiratory potentials were more frequent in the severe OSAS group than in the mild-to-moderate OSAS group, although BMI was similar in these two groups. The univariate comparisons performed between the participants to the study who exhibited and did not exhibit pre-inspiratory potentials irrespectively of their OSAS status (Table 4) shows that the most important differences between those two groups were the AHI and the obstructive apnea index. There were other differences between these two groups (Table 4) which, even though they did not reach statistical significance, led us to conduct exploratory multivariate analyses. Although limited in power by the size of the study population, these analyses indicated that the obstructive apneas belonged to pre-inspiratory potentials explanatory variables. We believe that this study demonstrates, at least in a "proof of concept" manner, that OSAS is associated with an abnormally high incidence of pre-inspiratory potentials and therefore with specific brain "abnormalities."
Neurophysiological Considerations
A respiratory-related EEG pattern was observed in some of our OSAS patients, which, to date, has only been described during resting breathing in healthy subjects in response to experimental inspiratory loading 11 or in a very specific group of patients with defective autonomic breathing control.
14 Inasmuch as OSAS patients do not present this type of defect, it is reasonable to hypothesize that OSAS-related upper airway dysfunction behaves like a natural inspiratory load and activates the same cortical networks as those activated by experimental loading in healthy subjects. The exact nature of this load is unclear and not elucidated by our study. Obesity per se was not associated with pre-inspiratory potentials. Of note, self-ratings of nasal obstruction were higher in the participants to the study who exhibited pre-inspiratory potentials than in the others (Table 4 ) and the association with pre-inspiratory potentials was suggested by the multivariate analysis. However, we did not measure upper airway mechanical properties, or precisely assess craniofacial morphological abnormalities or edematous infiltration, nor did we conduct dynamic studies of upper airway stability and control. 21 Specific study designs are therefore necessary to identify the determinants of OSASassociated respiratory-related premotor cortical activity.
The significance of the respiratory-related EEG activity observed in OSAS patients remains to be elucidated. Augmented ventilatory drive respective to controls has been reported in OSAS patients during resting breathing, with higher than normal ventilation, high occlusion pressure values 20 and increased neural respiratory drive. 22 During wakefulness, ventilatory drive depends on the sum and interactions of the various excitatory inputs received by spinal motoneurons. 23 From our results (and even though we acknowledge as a limitation the fact that we did not assess ventilatory drive in our patients), it can therefore be hypothesized that the augmented ventilatory drive in OSAS results from corticospinal facilitation, with descending cortical inputs increasing the responsiveness of spinal respiratory motoneurons to bulbospinal drive. 24 We postulate that certain cases of OSAS are characterized by an increase in the tonic facilitatory role of the SMA on phrenic motoneurons that exists in healthy humans, 18 and that this activation relates to the wakefulness-related compensation of upper airway dysfunction phenomenologically characteristic of OSAS (see introduction). Several arguments support this hypothesis. Firstly, the ventilatory drive to breathe is distributed to an ensemble of motoneurons that encompasses upper airway dilator muscles and "pump" inspiratory muscles. 25 A nonspecific increase in ventilatory drive resulting from cortico-subcortical cooperation (as discussed above) should lead to increased upper airway dilator muscle activity. This type of increased activity is actually present in awake OSAS patients 7, 26 and reflects the severity of upper airway anomalies. 27 Secondly, the cortico-subcortical networks involved in the control of upper airway dilator muscles and pump inspiratory muscles are intimately interrelated 28 in line with the extensive need for coordination of these muscle groups during breathing, swallowing, and speech. This coupling could be modified in OSAS as suggested by a transcranial magnetic stimulation study comparing OSAS patients to controls 9 that showed that coupled electromyographic responses of the genioglossus and diaphragm occurred more frequently than dissociated responses in OSAS patients than in controls. In the same study, an inspiratory maneuver facilitated the genioglossus response to transcranial magnetic stimulation in patients, but had no effect in controls. 9 Of note, stimulating the corticomotor pathway during sleep in OSAS patients improves airway dynamics.
29
CONCLUSIONS AND PERSPECTIVES
We believe that our observations provide a neurophysiological substrate for one of the arousal-dependent compensatory mechanisms that prevent OSAS patients from experiencing airway collapse while awake. Because pre-inspiratory potentials were not consistently found in our patients, other arousal-dependent compensations must exist. Nevertheless, our findings open new research avenues. For example, it would be interesting to study the effects of inhibitory repetitive transcranial magnetic stimulation (rTMS) over the supplementary motor area on upper airway dynamics in awake OSAS patients exhibiting pre-inspiratory potentials. According to our hypothesis, inhibition of the connection between the supplementary motor area and the primary motor cortex by rTMS (which somehow would mimic the sleep-related breakdown in cortical connectivity described by Massimni et al. 30 ) would be expected to increase upper airway resistance or collapsibility. It would also be important to study the prevalence of respiratory-related cortical activity in OSAS patients on a larger scale and with more sensitive EEG analysis; the factors associated with this activity; and the putative impact of this activity on OSAS-related alterations on cognitive performances. Indeed, it has been hypothesized that the "need" to mobilize cortical resources to breathe could have a negative impact on cognitive performance in patients with central congenital hypoventilation syndrome, 14 an hypothesis supported by psychophysiological and functional magnetic resonance imaging data acquired in one such patient. 31 Whether or not this mechanism contribute to OSAS-related cognitive abnormalities should be elucidated.
